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Abstract

Early stage detection of lymphoma cells is invaluable for providing reliable prognosis to patients. However, the purity of
lymphoma cells in extracted samples from human patients’ marrow is typically low. To address this issue, we report here our
work on using optically-induced dielectrophoresis (ODEP) force to rapidly purify Raji cells’ (a type of Burkitt’s lymphoma cell)
sample from red blood cells (RBCs) with a label-free process. This method utilizes dynamically moving virtual electrodes to
induce negative ODEP force of varying magnitudes on the Raji cells and RBCs in an optically-induced electrokinetics (OEK)
chip. Polarization models for the two types of cells that reflect their discriminate electrical properties were established. Then,
the cells’ differential velocities caused by a specific ODEP force field were obtained by a finite element simulation model,
thereby established the theoretical basis that the two types of cells could be separated using an ODEP force field. To ensure
that the ODEP force dominated the separation process, a comparison of the ODEP force with other significant
electrokinetics forces was conducted using numerical results. Furthermore, the performance of the ODEP-based approach
for separating Raji cells from RBCs was experimentally investigated. The results showed that these two types of cells, with
different concentration ratios, could be separated rapidly using externally-applied electrical field at a driven frequency of
50 kHz at 20 Vpp. In addition, we have found that in order to facilitate ODEP-based cell separation, Raji cells’ adhesion to the
OEK chip’s substrate should be minimized. This paper also presents our experimental results of finding the appropriate
bovine serum albumin concentration in an isotonic solution to reduce cell adhesion, while maintaining suitable medium
conductivity for electrokinetics-based cell separation. In short, we have demonstrated that OEK technology could be a
promising tool for efficient and effective purification of Raji cells from RBCs.

Citation: Liang W, Zhao Y, Liu L, Wang Y, Dong Z, et al. (2014) Rapid and Label-Free Separation of Burkitt’s Lymphoma Cells from Red Blood Cells by Optically-
Induced Electrokinetics. PLoS ONE 9(3): e90827. doi:10.1371/journal.pone.0090827

Editor: Masaya Yamamoto, Institute for Frontier Medical Sciences, Kyoto University, Japan

Received September 4, 2013; Accepted February 4, 2014; Published March 7, 2014

Copyright: � 2014 Liang et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: The work was supported by National Natural Science Foundation of China (Project No. 61107043) http://www.nsfc.gov.cn; CAS-Croucher Joint Lab
Scheme (Project No. 9500011) http://www.croucher.org.hk/. The funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: lqliu@sia.cn (LL); wenjli@cityu.edu.hk (WJL)

Introduction

B-cell lymphomas are a species of lymphomas derived from the

carcinogenesis of B lymphocytes in the human lymphatic system.

They are generally classified into two categories: 1) indolent

lymphomas – cancerous cells that are under control and patients

have a long-term survival rate even without treatments; and 2)

malignant lymphomas – which are cancerous cells that could

spread rapidly and cause a rapid deterioration of the health and

even death of patients, and hence, need timely and thorough

treatments. Burkitt’s lymphoma [1], one of the fourteen kinds of B-

cell lymphomas, is a type of malignant lymphoma and propagates

quickly inside a patient’s body, often to the bone marrow, blood,

and central nervous system. Without timely treatment, Burkitt’s

lymphoma could cause death rapidly. However, this kind of

malignant lymphoma can be cured, depending on the histology,

type, and stage of the disease [2]. Thus, early stage detection of

this type of lymphoma cell is essential and invaluable for achieving

a favorable prognosis, as well as for potentially improving the

patient’s quality of life. However, different patients may exhibit

varying degrees of drug resistance to the same drugs commonly

used in targeted therapy for the clinical treatment of lymphomas.

Thus, it is necessary to explore the clinicopathological character-

istics of these cancerous cells from human lymphoma patients in

order to better understand the relationship between cell histology

and disease pathology in patients. Correlating data of cell histology

and disease pathology to improve the accuracy of an early patient

diagnosis will assist doctors in choosing the best treatments for

patients. However, there are typically many red blood cells (RBCs)

in a solution sample of Raji cells (a type of Burkitt’s lymphoma cell)

extracted from patients. Thus, a rapid and efficient technique is

required to enable the identifying, discriminating, and purifying of

target Raji cells in a mixed cell population from RBCs that may

interfere with later detection and research protocols. For this

purpose, technologies with a high degree of sensitivity, specificity,
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and reproducibility are required to separate Raji cells from RBCs.

Existing technologies are broadly categorized using specific

biological markers or differential biomechanical and electrome-

chanical schemes. Of these schemes, biomechanical and electro-

mechanical methods are known as ‘‘label-free’’ techniques as no

biomarkers are required to implement them. For example, the

density gradient centrifugation method [3–4] is a label-free

method commonly used to remove the RBCs or plasma for

isolating the cancerous cells in peripheral blood, using the density

variation mechanism of cells with the assistance of commercial

available liquid kits (e.g., using Ficoll as given in [5]). This

technique, however, simultaneously contaminates all of the

isolated RBCs. Another label-free technique is using microfluidic

systems, i.e., based on purely hydrodynamic forces. This technique

has already been demonstrated to be capable of isolating

cancerous cells with a recovery rate of over 90% [6]. However,

a strong drawback of this method is that separation of cells of

similar inertia (i.e., similar sizes) is very difficult. Acoustophoresis is

another separation method based on biomechanical mechanism,

and has been employed to separate cancer cell lines from leukocyte

fractions by acoustic standing-wave forces with a purity of over

79.6% [7]. Nevertheless, acoustophoresis seems to be a low

throughput method, since separation performance is determined

by retention time in the acoustic field (i.e., slow flow rate in the

microfluidic channel is desired), the size of the cells, and the

acoustic properties of the cells relative to the suspending medium.

Alternatively, immunomagnetic-based cell separation approaches are

commonly used to identify and discriminate cancerous cells by

coupling magnetic beads with cell surface antigen-specific

antibodies with an auxiliary of applied magnetic field [8–9]. This

approach is based on the identification of selected proteins on the

tumor cells’ surface, including epithelial cell adhesion molecule,

cytokeratins, and other proteins. However, these proteins are not

expressed in all tumors [10] and, hence, some cells cannot be

labeled and targeted, which limits the applications of this

technique for cell separation. Moreover, the preparation of cell

samples is also more complicated and time-consuming than other

methods. In addition, dielectrophoresis (DEP) force, generated by

the interaction between an applied non-uniform electric field and

the dielectric objects in the field, can be used to induce motions of

different directions on the objects, reflecting the differential

inherent properties (e.g., dielectric properties and sizes) of the

objects. Accordingly, this technique is a label-free manner and has

been applied to separate cancerous cells [11–13]. Nevertheless, the

DEP-based separation technique requires unique conductive

electrodes fabricated by micro-lithographic techniques to be

integrated with a microfluidic system, and, hence, this technology

lacks the flexibility of allowing for dynamic and reconfigurable

manipulation once the electrodes are fabricated. Moreover,

integrated micro pumps/valves are needed to enhance the

separation performance, which complicates the fabrication process

of the experimental system.

More recently, optically-induced dielectrophoresis (ODEP), or optical

electronic tweezer (OET) [14], similar in its operational principle to

DEP, permits researchers to dynamically alter the virtual

electrodes that serve the function of generating the DEP force in

a real-time, programmable, and reconfigurable approach by

controlling the optically-projected patterns that are digitally

generated by a computer. This relatively new ODEP force-based

micro-/nano-manipulation technique has already been demon-

strated in a large variety of applications in the bioengineering field,

including cell separation (separation of live and dead human B-

cells) [15], discrimination of normal oocytes [16], manipulation of

DNA molecules [17], cell counting and cell lysis [18], sperm

diagnostic manipulation [19], mouse embryo selection [20],

circulating tumor cell isolation [21–22], and cancerous cell

identification [23]. We present in this paper our experimental

validation of rapidly separating Raji cells from RBCs by

employing a dynamic optically-induced DEP force in an OEK

(optically-induced electrokinetics) chip. The polarization models for

the two types of cells were established, and then the finite element

method (FEM) numerical solutions of their velocities induced by

the ODEP force were obtained with the purpose of demonstrating

the feasibility of using two optically-projected lines (with one

dynamically moving and one stationary) of different widths to

separate the two types of cells. We note that, in addition to the

ODEP force, there could simultaneously exist two other types of

electrokinetics forces, namely AC electroosmosis (ACEO) and AC

electrothermal (ACET) flows, during the cell manipulation and

separation process. These two forces, ACEO and ACET, are due

to the interaction of the electric double layers with the tangential

component of the electric field and the presence of the non-

uniform electric field resulting in Joule heating, respectively.

Consequently, we herein define the microfluidic device used in our

experiments as an ‘‘optically-induced electrokinetics’’ (OEK) chip,

instead of an ‘‘ODEP chip’’ or and ‘‘OET chip’’. Moreover,

within an applied electric field across the OEK device, Raji cells

tended to randomly adhere to the a-Si:H surface and, thus,

influence cell separation performance. To reduce this cell-

adhesion phenomenon, the composition of the isotonic solution

in which the two types of cells are suspended was experimentally

optimized and the results are reported there. With a proper

percentage of bovine serum albumin (BSA) in an isotonic solution,

the affinity force between the cells and the bottom substrate

surface of the OEK chip (i.e., the a-Si:H layer) could be decreased

significantly, and, hence, enhance the success rate of the ODEP-

based manipulation and separation of cells. Most importantly, the

separation of Raji cells and RBCs with two different concentration

ratios were experimentally explored using an OEK chip, and the

results are presented in this paper.

Theory and FEM modeling

Generation of ‘‘ODEP’’ force
Figure 1 is a diagrammatic sketch of our OEK chip, which

consists of a top glass substrate coated with a transparent and

conductive indium tin oxide (ITO) film that is used as an electrode;

a microfluidic chamber that is the working area of the chip (the

volume of this chamber is 3 cm 61 cm 660 mm); and a bottom

Figure 1. Three-dimensional schematic illustration of the OEK
chip.
doi:10.1371/journal.pone.0090827.g001
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substrate with a thin photoconductive film of hydrogenated

amorphous silicon (a-Si:H) deposited onto another ITO glass

substrate. The a-Si:H layer behaves as an insulator due to its

inherent lower conductivity when not illuminated. When an

optical pattern is projected onto a particular area of the a-Si:H

layer via a commercial digital projector, the electron-hole pairs are

excited by the migration of electrons from the valence band to the

conduction band of this corresponding area of the a-Si:H layer

and, thus, locally increases the conductivity of the illuminated area

of the a-Si:H layer via the photoconductive effect. Then, the

electric field across the liquid chamber dramatically increases

above the locally illuminated a-Si:H area since most of the

externally applied voltage is shifted to the liquid chamber; thus, a

non-uniform electric field can be created in the liquid chamber.

Additionally, any dielectric particles suspended in the liquid at

locations near this optically-induced non-uniform electric field will

experience a force caused by an interaction between the

electrically-polarized dipole moments of both of the particles and

the liquid solution, known as the ‘‘ODEP force’’ in this OEK chip.

Unlike conventional DEP chips, no metal electrodes are required

to create the non-uniform electric field; hence, ODEP provides a

dynamic and flexible manipulation technique. The ODEP force

can be either positive or negative under specific conditions, which

means that the particles can be either attracted to (pDEP), or

repelled from (nDEP), the illuminated areas, respectively. Our

prior work presented in [24] provides a more detailed treatment of

how optical wave-lengths, applied AC wave forms, and frequency

can affect the optically-induced DEP force.

Polarization models for Raji cells and RBCs
The time-averaged DEP force exerted on a dielectric particle in

a fluidic medium is given as [25]:

S~FFDEPT~2pemabcRe K(v)½ �+D~EErmsD2 ð1Þ

where a, b, and c are the semi-axes of the particle radii,

respectively; em denotes the permittivity of the liquid medium;

Erms is the root-mean-square value of the electric field; and

Re[K(v)] is the real part of the Clausius-Mossotti (CM) factor,

which is further expressed as [25]:

Re½K vð Þ�~Re
e�p{e�m

3 e�p{e�m

� �
Ajz3e�m

2
4

3
5 ð2Þ

In the above equation, e* = e – js/v, where e and s are the

permittivity and conductivity, respectively; v = 2pf, where f is the

applied voltage frequency across the liquid medium; the subscripts

p and m denote the properties of the particle and liquid medium,

respectively; and Aj is the depolarization factor along the j-axis (j =

x, y, z). Intuitively, based on Eq. (1), the DEP force depends on a

particle’s geometry and inherent dielectric property. We therefore

speculated that the separation of Raji cells and RBCs is feasible

because these cells have very different geometric shapes and

dielectric properties. Figure 2 shows atomic force microscope

(AFM) scanned images of both Raji cells and RBCs, indicating

their large differences in shape. The remaining parts of this paper

will show, both theoretically and experimentally, that our intuitive

conjuncture was correct.

Figure 2. Atomic force microscope-scanned images of Raji cells and RBCs.
doi:10.1371/journal.pone.0090827.g002

Figure 3. Re[K(v)] for the two types of cells as a function of the
applied frequency. The two types of cells are suspended in an
isotonic solution with a conductivity of 1.361022 S/m. Positive values
represent an attractive (positive) DEP force, and negative values
represent a repulsive (negative) DEP force.
doi:10.1371/journal.pone.0090827.g003
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a) Raji cells. Raji cells can be modeled as a spherical particle

(R = a = b = c, Aj = 1/3), as shown in the inset of Figure 3. The

shell and interior refer to the cell membrane and to the cytoplasm,

respectively. Consequently, a single layer of the shell-core model

can be used as an approximation for Raji cells, and the effective

complex permittivity for Raji cells is given by [26]:

e�p~CmemR
jvtcz1

jv(tcztm)z1
ð3Þ

where tc = ec /sc, tm = CmemR/sc.; the subscripts c and mem

represent the cell cytoplasm and membrane, respectively; Cmem is

the capacitance of the cell membrane; and R is radius of the cell.

The real part of the CM factor for Raji cells is further given by

[26]:

Re K vð Þ½ �~Re {
v2(t1tm{tct

0
m)zjv(t

0
m{t1{tm){1

v2(tct
0
mz2t1tm){jv(t,

mz2t1ztm){2

" #
ð4Þ

where t1 = em/sm, tm’ = CmemR/sm.

b) RBCs. RBCs are modeled as single-shell oblate ellipsoids

having semi-axes of a, b, and c, which satisfy the relationships

where a = b . c and e = a/c = 4, as shown in the inset of Figure 3.

The shell and interior also refer to the cell membrane and the

cytoplasm, respectively. The effective complex permittivity for

RBCs is given by [27]:

e�p~e�mem

e�memz e�c{e�mem

� �
Ajzn 1{Aj

� �� �
e�memz e�c{e�mem

� �
Aj{nAj

� �
 !

ð5Þ

where n is the volume fraction of the cell interior; n = (c-d)(a-d)2/

ca2; and Aj is the depolarization factor along the long axis, Aj =

0.5(e2arctan(e221)0.52(e221)0.5)/(e221)1.5 [27]. The polarization

properties for Raji cells and RBCs, i.e., the real part of their

respective CM factors, as a function of the applied frequency, can

be obtained by using (2), (4), and (5), as shown in Figure 3. Herein,

the negative value for each of the two curves in Figure 3 represents

a nDEP force under the given frequency range; therefore, a pDEP

force will be exerted on the cells with an applied frequency higher

than the crossover frequency. Typical dielectric parameters for the

two types of cells, as shown in Table 1, are used to calculate the

polarization for each cell type, which is suspended in an isotonic

solution with a conductivity of 1.361022 S/m.

Raji cells and RBCs velocities induced by the ODEP force
Once a cell begins to move due to the DEP force, an opposing

Stokes’ drag force will be produced to retard the cell’s motion. The

Stokes’ equation for estimating the drag force on a cell moving in a

fluid with velocity u is given as [30]

Fd~fru ð6Þ

where fr is the friction factor of the cell in the fluid. Considering the

geometrical configurations of the two types of cells, the friction

factor for Raji cells and RBCs are 6pgR and 32/(3ga) [25],

respectively, where g is the dynamic viscosity of the fluid. Since the

Stokes’ drag force is directly proportional to the particle’s moving

velocity, the magnitude of the DEP force acting on a particle can

be experimentally inferred. However, in order to theoretically

obtain the magnitude of the DEP force exerted on the two types of

cells, the vector+D~EErmsD2 in (1) should be calculated. As an example,

T
a

b
le

1
.

D
ie

le
ct

ri
c

p
ro

p
e

rt
ie

s
o

f
R

aj
i

ce
lls

an
d

R
B

C
s.

T
y

p
e

s
c

(S
/m

)
e c (F

/m
)

s
m

e
m

(S
/m

)
e m

e
m

(F
/m

)
C

m
e

m

(F
/m

2
)

D (n
m

)
R (m

m
)

R
aj

i
[2

8
]

0
.5

8
6

0
e 0

8
.2

e
-6

8
.8
e 0

1
.0

7
e

-2
7

6

R
B

C
s

[2
9

]
0

.5
6

0
e 0

1
.6

e
-6

8
.5
e 0

8
.7

e
-3

8
a

=
3

.5

d
o

i:1
0

.1
3

7
1

/j
o

u
rn

al
.p

o
n

e
.0

0
9

0
8

2
7

.t
0

0
1

Separation of Lymphoma Cells from Red Blood Cells

PLOS ONE | www.plosone.org 4 March 2014 | Volume 9 | Issue 3 | e90827



Figure 4(a) shows the cross-sectional distribution of the x-

component of the vector +D~EErmsD2(denoted as+D~EErmsD2x) calculated

using a commercial FEM software package (Multiphysics,

COMSOL AB, Sweden). The FEM simulation method is the

same as discussed in our prior work [31]. In this example, two

optically-projected lines with a width of 25 mm and 15 mm,

respectively, serve as virtual electrodes and the applied frequency

is 50 kHz with a voltage of 20 Vpp. These virtual electrode

geometries and electric field parameters reflect the actual

experimental conditions used in our Raji cells and RBCs

separation experiments, as will be discussed in the ‘Results and

discussions’ section. As shown in Figure 4(a), the DEP force

sharply decreases along the vertical direction and has a maximum

value around the illuminated areas. As illustrated and described in

our prior work [24], the maximum DEP force exerted on the two

types of cells can be determined at the position of the height of

cells’ radii above the bottom of the a-Si layer, defined as

FDEPx~pemR3Re K vð Þ½ �+D~EEmaxD2x ð7Þ

Then, the velocity for Raji cells and RBCs induced by the

maximum DEP force can be obtained by balancing (6) and (7),

expressed as

u~
pemR3Re½K(v)�+D~EEmaxD2x

fr

ð8Þ

As shown in Figure 4(b), the maximum velocity of the Raji cells,

as induced by the DEP force, is higher than that of the RBCs;

additionally, the DEP force induced by the 25 mm-wide optical

line is higher than that induced by the 15 mm optical line. This

means that the DEP force induced by two different optical line

widths can be employed to perform the separation of Raji cells

from RBCs.

Comparison of AC- and optically-related electrokinetics
forces

As noted in the previous section, there exist several optically-

related electrokinetic forces in an OEK chip, mainly including the

DEP force and forces on a particle caused by ACEO- and ACET-

induced flows. To enhance the experimental performance of the

separation of the two types of cells, experimental conditions should

be set up such that the DEP force will be dominant in the

separation process with a specific applied voltage frequency across

the upper and lower substrates of an OEK chip. Using the

equations in Table 2, the numerical solution showing the velocities

for the two types of cells caused by the AC electrokinetics forces

(i.e., DEP, ACEO, and ACET), as a function of the applied

frequency, were obtained by using the FEM method with same

simulation parameters and simulation modules as those described

in [31], except that a liquid conductivity of 1.361022 S/m was

used to reflect the experimental conditions for the work reported

Figure 4. FEM simulation results of the DEP force. (a) Cross-
sectional view of the x-component of the vector +D~EErmsD2 . The arrows
indicate the direction of the nDEP force induced by two optical lines of
different widths, i.e., one moving line with a width of 25 mm and the
other line being stationary with a width of 15 mm. (b) Velocities of Raji
cells and RBCs induced by the ODEP force. The velocity of the Raji cells
caused by the DEP force is higher than that of the RBCs, and the DEP
force induced by the 25 mm-wide optical line for cells is also higher than
that by the 15 mm optical line for cells.
doi:10.1371/journal.pone.0090827.g004

Figure 5. Contribution of various optically-induced electroki-
netics forces on the velocities for Raji cells and RBCs as a
function of the applied frequency. The velocity generated by the
DEP, ACEO, and ACET were at 6 mm and 3.5 mm height above the a-Si:H
film surface for Raji cells and RBCs, respectively. The width of the optical
line that served as the virtual electrode to generate the electric field was
25 mm.
doi:10.1371/journal.pone.0090827.g005
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in this paper. Figure 5 shows the simulated and calculated results

of the cellular velocities induced by various forces. The results

indicate that within specific frequency range, the ACEO or ACET

may affect the DEP force-based separation process, respectively.

Furthermore, for these two types of cells, when the frequency is

from ,7 kHz to ,60 kHz, the nDEP force will be the dominate

force; when the frequency is from ,70 kHz to ,500 kHz, the

pDEP force will be the dominant force on both the RBCs and the

Raji cells. However, the ACET force in the frequency range of

,70 kHz to ,500 kHz is much higher than that in the frequency

range of ,7 kHz to ,60 kHz, and thus may affect the cellular

properties due to the increased temperature in the fluidic medium.

Hence, a frequency in the range of ,7 kHz to ,60 kHz, which

induces an nDEP force, is selected to conduct the separation

experiments in this study.

Materials and Methods

Fabrication of the OEK chip
The fabrication process of the OEK chip employed in this paper

was described in detail in our prior work [32]. In order to apply an

electric field across the chip, part of the a-Si:H thin film on the

bottom ITO-glass substrate was etched to establish an electrical

connection, as shown in Figure 1. Specifically, a 5 mm 68 mm

area of a-Si:H was patterned through standard photolithography

and dry-etching (using the Oxford Plasma Lab 80 etching system)

with 2% oxygen, 12.5% CF4 gas, with a 30mTorr etching

chamber pressure, and 6-minute plasma exposure. The chip was

then rinsed and cleaned with acetone and DI water before being

dried by nitrogen gas. The microfluidic chamber, into which the

cells and solution were injected, has a height of ,60 mm. This

microfluidic chamber between two ITO-glass substrates was

constructed by using a patterned polydimethylsiloxane (PDMS)

thick film or a double-sided tape as a spacer.

Experimental setup
The experimental setup for our OEK platform is shown in

Figure 6 (illustration) and Figure S1 (picture). The OEK chip was

fixed on a three-dimensional digital translation platform (Leetro

Automation Co. Ltd, China), which would accurately regulate the

spatial movement of the OEK chip, as well as span the working

areas on the chip. To create the optically-projected patterns, a

commercial graphics software package (Flash 11, Adobe, U.S.A.)

was employed to generate the virtual electrodes with any desired

geometrical configurations, which were projected onto the lower

surface of the OEK chip via a commercial LCD projector (VPL-

F400X, Sony, Japan) coupled with a computer. The manipulation

and separation processes of the cells were observed and recorded

using a charged coupled device (DH-SV1411FC, DaHeng Image,

China) mounted on a microscope (Zoom 160, OPTEM, U.S.A.).

In addition, a condenser lens (Nikon, MS plan, 506), fixed

between the LCD projector and the OEK chip, was used to focus

and collimate the optical pattern onto the OEK chip. In order to

power the OEK chip to perform cell separation process, an AC

bias potential, supplied by a function generator (Agilent 33522A,

U.S.A.), was applied to the transparent ITO glasses, which are

located at the top and bottom of the OEK chip as shown in

Figure 1.

Cell preparation and counting
The RBCs were obtained from volunteers as previously

described in [33]. The samples were centrifuged at 1000 rpm

Table 2. Equations of the velocities caused by the optically-
induced electrokinetics forces exerted on the two types of
cells.

Forces
Governing
Equations [30]

DEP Equation 8

ACEO -em Et/g

ET
flow

0.5em[(a-b)(,T?E)E*/(1+(vt)2)-
0.5a|E|2,T]

Here, is the zeta potential; g is the dynamic viscosity of DI water; Et is the
tangential electric field; T is the temperature of the liquid solution; and t = em/
sm. For DI water at room temperature, approximately, k = 0.6 J?m21 s21?K21; rm

= 1 g?cm23, a = 20.4% K21; b = 2% K21; and hrm/hT/rm = 1024 K21 [30].
doi:10.1371/journal.pone.0090827.t002

Figure 6. Schematic illustration of the experimental setup for
the OEK chip. The experimental system consists of an image
acquisition system to observe the cell separation process, and a
pattern generation system to generate the virtual electrodes which are
projected onto the lower surface of the OEK chip by a LCD projector.
doi:10.1371/journal.pone.0090827.g006

Figure 7. Percentage of free cells as a function of the
percentage of the BSA concentration. Raji cells to substrate
adhesion could be significantly decreased when 0.2% BSA was added to
the conventional isotonic solution. The error bars indicate the standard
deviation of the measurements.
doi:10.1371/journal.pone.0090827.g007

Separation of Lymphoma Cells from Red Blood Cells

PLOS ONE | www.plosone.org 6 March 2014 | Volume 9 | Issue 3 | e90827



for 5 min at 4uC (Sigma 3–30K, Germany). Then, the supernatant

was discarded and the remained RBCs were resuspended into 1

mL of the isotonic solution for a second round of centrifugation

using the same parameters. Then, the collected RBCs were

resuspended into 1mL of isotonic solution for further experiments.

The purpose of using the isotonic solution was to maintain an

appropriate osmotic condition for the viability of the cells.

The Raji cell line [34] was a gift from Dr. Xiubin Xiao of the

Affiliated Hospital of Military Medical Academy of Sciences,

Beijing, China. The Raji cell line was cultured in Roswell Park

Memorial Institute (RPMI-1640) culture medium supplemented

with 10% (v/v) fetal calf serum, 1% penicillin (v/v) (100 U/mL),

and 1% streptomycin (v/v) (100 mg/mL) at 37uC in a humidified

atmosphere of 5% CO2 (Model 371, Thermo Scientific). Before

each experiment, 1 mL of Raji cell suspension was taken directly

out of the culturing flask, and centrifuged at 1000 rpm for 5 min

at 4uC with supernatant discarded. The collected Raji cells were

resuspended into 1 mL of RPMI-1640 medium and centrifuged

again using the same parameters to remove the residual culture

medium. Then, the resulting Raji cells were resuspended into

1 mL of isotonic solution for further experiments.

After the cell suspensions were prepared, cells counts were

performed for both types using a commercial hemocytometer

(Qiujing Co. Ltd., China) to control the cell concentration. In

order to achieve standardized and comparable cell separation

results using the proposed OEK chips, 1 mL of Raji cells

suspension with a concentration of 16106 cells/mL was spiked

into 1 mL of RBCs suspension to obtain various cell ratios. For

our experiments, RBCs concentrations of 16107 cells/mL and

46107 cells/mL were used to achieve cells ratios (Raji cells: RBCs)

of 1:10 and 1:40, respectively. Finally, the resulting cellular

mixture of RBCs and Raji Cells was loaded into the OEK chip for

further ODEP force based cell separation experiments.

Results and Discussion

Investigation of Raji cellular adhesion phenomenon
inside an OEK chip

In a typical experimental procedure to investigate the cell-to-

substrate adhesion phenomenon, Raji cells (at a concentration of

56105 cells/mL) suspended in an isotonic solution consisting of

8.5% (w/v) sucrose and 0.3% (w/v) glucose were introduced into

the OEK chip (with a microfluidic chamber that holds ,18 mL

solution). All Raji cells within the microscope’s field of view

(280 mm 6200 mm) were then investigated. For the purpose of

data analysis, the cells that could be moved by the optically

projected patterns (i.e., virtual electrodes) are defined as ‘‘free

cells’’. And, the cells that did not show any movement when

ODEP force was applied around them are defined as ‘‘adherent

cells’’. For a typical experiment, ,90 cells in the field of view of

the microscope were investigated. In addition, these tests were

performed in ten different OEK chips. Moreover, ten different

‘‘field of view areas’’ (FOVA) were investigated in each chip. Two

experiments were performed for each of the FOVA in each of the

ten OEK chips used in this study. Accordingly, 200 experiments

carried out. Therefore, we have observed the adhesion behavior of

,18, 000 cells (90 cells 62610 FOVA 610 OEK chips) in

obtaining each data point shown in Figure 7. The experimental

results showed that only ,10% ‘‘free cells’’ of the Raji cells could

be freely transported by ODEP force if only the isotonic solution is

used, since the a-Si:H has a native oxide present at the a-Si:H/

liquid interface, as described by N. K. Lau, et al., [35]. According

to them, the adhesion force between a-Si:H surface and

mammalian cells were in the order of nanonewtons, while the

ODEP force was in the order ranging from tens to hundreds of

piconewtons. Consequently, in order to facilitate ODEP-based cell

separation, this adhesion force between the Raji cells and the a-

Si:H surface should be minimized. N. K. Lau, et al., have reported

chip-modification methods that can avoid cell adhesion by surface

treatments; however, the processes for fabricating those modified

chips are time-consuming and complicated. In this study, the

method of adding different concentrations of bovine serum

albumin (BSA) into the isotonic solution was experimentally

investigated and characterized. The BSA was added into the

solution with the purpose of decreasing the affinity force between

the cells and the a-Si:H substrate of the OEK chip, and thereby

enhancing the performance of the ODEP manipulation and

separation process of the two types of cells. We have investigated

cell-to-substrate adhesion behavior as a function of the BSA’s

concentration in the isotonic solution. As mentioned above, for

each of the BSA concentration tested, Raji cells were observed in

ten distinct field of views of the microscope for each of the ten

different OEK chips. Results shown in Figure 7 revealed that the

cell-to-substrate adhesion could be quite significantly decreased,

Figure 8. Microscopic images showing the dynamic separation
of Raji cells from RBCs with a concentration ratio of 1:10. All
scale bars are 25 mm.
doi:10.1371/journal.pone.0090827.g008

Figure 9. Microscopic images showing the dynamic separation
of Raji cells from RBCs with a concentration ratio of 1:40. All
scale bars are 25 mm.
doi:10.1371/journal.pone.0090827.g009
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i.e., with 9063% of the cells being easily transported when 0.2%

(wt) BSA was added to the conventional isotonic solution.

Furthermore, the measured liquid conductivity of the optimized

isotonic solution was 1.361022 S/m (obtained by using a Cond

3110 conductivity meter, Germany) and also met the liquid

conductivity requirement necessary to enable the OEK chip to

work well [36].

Performance of the separation of Raji cells from RBCs
with different concentration ratios

In this study, an electrical field of 20 Vpp with frequency of

50 kHz (based on the theoretical calculations as discussed in the

‘Theoretical and FEM modeling’ section) was employed to power

the OEK chip. Two optical lines of different widths, i.e., one

moving line of 25 mm width and one stationary line of 15 mm

width, were adopted as virtual electrodes to generate a DEP force

in the OEK chip to separate the Raji cells from the RBCs. Five

attempts were done for separating Raji cells from RBCs with two

different Raji cells-to RBCs concentration ratios of 1:10 and 1:40,

respectively. For each time, the Raji cells were successfully

manipulated and separated from RBCs.

a) A concentration ratio of 1:10. Figure 8 and Video S1

show an example of the experimental process for separating the

Raji cells from the RBCs with a concentration of 1:10 (i.e.,

approximately 1 Raji cell for every 10 RBCs in the isotonic

solution). Initially, when the optical patterns were projected onto

the a-Si:H surface and there was no voltage applied, the two types

of cells were randomly suspended in the liquid solution as shown in

Figure 8(a). Once the voltage was switched on, the two types of

cells were repelled, and the RBCs would change their orientations

because they would align their longest axis to be parallel to the

direction of the electric field (Figure 8(b)). Then, the 25 mm-wide

optical line was set with a translational velocity of 12 mm/s from

left to right by using an animation software (Flash), and this

motion continuously pushed the two types of cells toward the

location of the 15 mm optical line, due to the larger nDEP force

induced by the 25 mm-wide optical line. We have observed that,

when driven by the 25 mm-wide optical line, both of the two types

of cells simultaneously have self-rotational and translational

behaviors (see Video S1), which are the same observation obtained

in our prior experiments with other types of cells as reported in

[23]. After 15 s, the two types of cells are aligned and located

within the gap between the two lines (Figure 8(c)). When the

25 mm-wide optical line was moved further to the right, all of the

Raji cells were pushed past the 15 mm-wide optical line, as shown

in Figure 8(d). Whereas, there were also some RBCs pushed

towards the stationery line because Raji cells’ movement affected

those RBCs. The Raji cells could be further separated and purified

by employing subsequent virtual electrodes with a similar function

explained in this section.

b) A concentration ratio of 1:40. In order to experimentally

explore and estimate the throughput of the OEK chip, we further

execute the separation experiment of the two types of cells with a

lower Raji cells-to-RBCs concentration ratio of 1:40. Figure 9 and

Video S2 present the performance of the separation of Raji cells

from the cellular mixture with the same experimental procedure as

discussed for the 1:10 concentration ratio above. As shown in

Figure 9(c), there were a few Raji cells and many RBCs trapped

within the gap between the two lines. Then, when the gap was

further narrowed, the Raji cells were pushed past the stationery

line (Figure 9(d)). However, there were some RBCs that were also

simultaneously separated. Again, the Raji cells could be further

separated and purified from these RBCs by employing subsequent

virtual electrodes with a similar function as described above.

The separation efficiency for Raji cells and RBCs of the two

different concentrations ratios of 1:10 and 1:40 were 67% and

50%, respectively. This efficiency could be easily improved by

projecting subsequent virtual electrodes configured as the two

optical lines of different widths discussed in this paper to further

separate the cells. This process can be repeated in the OEK chip

until the cells are completely separated.

The purpose of this study is to verify the capability of using the

ODEP technique to separate Raji cells from RBCs, and potentially

provide a new automated and label-free technology for cell

separation and purification. Since there are much more RBCs in a

blood sample than white blood cells, we have focused the current

study on only Raji cells and RBCs. We simulated the blood sample

of lymphoma patients by spiking the Raji cells (from the cell line

described in [34]) into the RBCs sample from volunteers and then

perform the cell separation experiment proposed in this study.

Although the size of the Raji cells is similar to the white blood cells,

theoretically ODEP force can be still applied to discriminate them

due to their inherent different dielectric parameters (i.e., mem-

brane/cytoplasm/nucleus permittivity and conductance), which

will result in the different direction and/or magnitude of ODEP

force exerted on them. We are currently investigating the required

electrokinetic parameters for the separation of white blood cells,

red blood cells, and Raji cells; we will report our findings in the

future.

Conclusion

We experimentally demonstrated rapid separation of Raji cells

from red blood cells (RBCs) by employing dynamic optically-induced

dielectrophoretic (ODEP) force on the cells. The separation of these

cells with two different concentration ratios was achieved by using

two optically-projected lines (one dynamically moving and one

fixed) that generate negative ODEP force of different magnitudes

on the cells. Inside an optically-induced electrokinetics (OEK) chip,

these projected line images act as virtual electrodes to generate the

negative ODEP force on the cells under a non-uniform electric

field produced by a 20 Vpp at frequency of 50 kHz across the

fluidic medium. We also report the selection of an appropriate

isotonic solution with the purpose of addressing the problems of

cellular adhesion behavior and proper fluid conductivity for cell

separation in an OEK chip. In addition, an FEM simulation of the

ODEP force acting on the cells was carried out to explain the

separation phenomenon. This simulation includes the usage of

different polarization models for the Raji cells and RBCs. Further

work is required to investigate the viability of cells using the

separation technique reported in this paper. However, our initial

work showed that both Raji cells and RBCs do survive for several

hours after the separation experiments in an OEK chip. Pending

on the results of more extensive cell viability experiments, cell

separation using dynamic ODEP forces could prove to be a unique

method that is capable of rapidly separating and purifying cells

using relative simple procedures.

Supporting Information

Figure S1 A picture of the actual ODEP system setup
used to manipulate and separate cells in our experi-
ments.

(TIF)

Video S1 Video of the experimental results of the
dynamic separation of Raji cells from RBCs with a
concentration ratio of 1:10.

(AVI)
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Video S2 Video of the experimental results of the
dynamic separation of Raji cells from RBCs with a
concentration ratio of 1:40.

(AVI)

Author Contributions

Conceived and designed the experiments: WJL LL WL. Performed the

experiments: WL. Analyzed the data: WL YZ. Contributed reagents/

materials/analysis tools: YW ZD G-BL XX WZ. Wrote the paper: WL.

References

1. Burkitt D (1958) A sarcoma involving the jaws in african children. Brit J Surg
46(197): 218–223.

2. Janeway CA, Travers P, Walport M, Shlomchik MJ (2001) Immunobiology, 5th
edition. New York: Garland Science. 414 p.

3. Byum A (1976) Isolation of lymphocytes, granulocytes and macrophages.

Srand J Immunol 5: 9–15.
4. Rosenberg R, Gertler R, Friederichs J, Fuehrer K, Dahm M, et al. (2002)

Comparison of two density gradient centrifugation systems for the enrichment of
disseminated tumor cells in blood. Cytometry 49(4): 150–158.

5. Vettore L, Concetta MD, Zampini P (1980) A new density gradient system for

the separation of human red blood cells. Am J Hematol 8(3): 291–297.
6. Sun J, Li M, Liu C, Zhang Y, Liu D, et al. (2012) Double spiral microchannel for

label-free tumor cell separation and enrichment. Lab Chip 12(20): 3952–3960.
7. Augustsson P, Magnusson C, Nordin M, Lilja H, Laurell T (2012) Microfluidic,

label-free enrichment of prostate cancer cells in blood based on acoustophoresis.
Anal Chem 84(18): 7954–7962.

8. Ryu BY, Kubota H, Avarbock MR, Brinster RL (2005) Conservation of

spermatogonial stem cell self-renewal signaling between mouse and rat. Proc
Natl Acad Sci 102(40): 14302–14307.

9. Talasaz AH, Powell CC, Huber DE, Berbee JG, Roh KH, et al. (2009) Isolating
highly enriched populations of circulating epithelial cells and other rare cells

from blood using a magnetic sweeper device. Proc Natl Acad Sci 106(10): 3970–

3975.
10. Mikolajczyk SD, Millar LS, Tsinberg P, Coutts SM, Zomorrodi M, et al. (2011)

Detection of EpCAM-negative and cytokeratin-negative circulating tumor cells
in peripheral blood. J Oncol 2011: 1–10.

11. Huang CJ, Chien HC, Chou TC, Lee GB (2011) Integrated microfluidic system
for electrochemical sensing of glycosylated hemoglobin. Microfluid Nanofluid

10(1): 37–45.

12. Moon HS, Kwon K, Kim SI, Han H, Sohn J, et al. (2011) Continuous
separation of breast cancer cells from blood samples using multi-orifice flow

fractionation (MOFF) and dielectrophoresis (DEP). Lab Chip 11(6): 1118–1125.
13. Gao J, Riahi R, Sin LY, Zhan S, Wong PK (2012) Electrokinetic focusing and

separation of mammalian cells in conductive biological fluids. Analyst 137(22):

5215–5221.
14. Chiou PY, Ohta AT, Wu MC (2005) Massively parallel manipulation of single

cells and microparticles using optical images. Nature 436: 370–372.
15. Ohta AT, Chiou PY, Phan HL, Sherwood SW, Yang JM, et al. (2007) Optically

controlled cell discrimination and trapping using optoelectronic tweezers.
IEEE J Sel Top Quant 13(2): 235–243.

16. Hwang H, Lee DH, Choi W, Park JK (2009) Enhanced discrimination of

normal oocytes using optically induced pulling-up dielectrophoretic force.
Biomicrofluidics 3(1): 014103.

17. Lin YH, Chang CM, Lee GB (2009) Manipulation of single DNA molecules by
using optically projected images. Opt Express 17(17): 15318–15329.

18. Lin YH, Lee GB (2010) An integrated cell counting and continuous cell lysis

device using an optically induced electric field. Sensor Actuat B Chem 145(2):
854–860.

19. Ohta AT, Garcia M, Valley JK, Banie L, Hsu HY, et al. (2010) Motile and non-
motile sperm diagnostic manipulation using optoelectronic tweezers. Lab Chip

10(23): 3213–3217.

20. Valley JK, Swinton P, Boscardin WJ, Lue TF, Rinaudo PF, et al. (2010)

Preimplantation mouse embryo selection guided by light-induced dielectrophor-

esis. PloS ONE 5(4): e10160.

21. Huang SB, Chen J, Wang J, Yang CL, Wu MH (2012) A new optically-induced

dielectrophoretic (ODEP) force-based scheme for effective cell sorting.

Int J Electrochem Sci 7: 12656–12667.

22. Huang SB, Wu MH, Lin YH, Hsieh CH, Yang CL, et al. (2013) High-purity

and label-free isolation of circulating tumor cells (CTCs) in a microfluidic

platform by using optically-induced-dielectrophoretic (ODEP) force. Lab Chip

13(7): 1371–1383.

23. Chau LH, Liang W, Cheung FWK, Liu WK, Li WJ, et al. (2013) Self-rotation of

cells in an irrotational AC E-field in an opto-electrokinetics chip. PLoS ONE

8(1): e51577.

24. Liang W, Wang S, Dong Z, Lee GB, Li WJ (2012) Optical spectrum and electric

field waveform dependent optically-induced dielectrophoretic (ODEP) micro-

manipulation. Micromachines 3(2): 492–508.

25. Morgan H, Green NG (2003) AC Electrokinetics: colloids and nanoparticles, 1th

edition. UK: Research Studies Press. 39 p.

26. Jones TB (1995) Electromechanics of Particles. UK: Cambridge Univ Press. 46

p.

27. Kakutani T, Shibatani S, Sugai M (1993) Electrorotation of non-spherical cells:

Theory for ellipsoidal cells with an arbitrary number of shells. Bioelectrochem

Bioenerg 31(2): 131–145.

28. Polevaya Y, Ermolina I, Schlesinger M, Ginzburg BZ, Feldman Y (1999) Time

domain dielectric spectroscopy study of human cells II. Normal and malignant

white blood cells. BBA Biomembranes 1419(2): 257–271.

29. Yang J, Huang Y, Wang XB, Becker FF, Gascoyne RC (1999) Cell separation

on microfabricated electrodes using dielectrophoretic gravitational field-flow

fractionation. Anal Chem 71(5): 911–918.

30. Castellanos A, Ramos A, Gonzalez A, Green NG, Morgan H (2003)

Electrohydrodynamics and dielectrophoresis in microsystems: scaling laws.

J Phys D Appl Phys 36(20): 2584–2597.

31. Liang W, Liu N, Dong Z, Liu L, Mai JH, et al. (2013) Simultaneous separation

and concentration of micro- and nano-particles by optically-induced electroki-

netics. Sensor Actuat A-Phys 193: 103–111.

32. Wang S, Liang W, Dong Z, Lee GB, Li WJ (2011) Fabrication of micrometer-

and nanometer-scale polymer structures by visible light induced dielectrophor-

esis (DEP) force. Micromachines 2(4): 431–442.

33. Li M, Liu L, Xi N, Wang Y, Dong Z, et al. (2012) Atomic force microscopy

imaging and mechanical properties measurement of red blood cells and

aggressive cancer cells. Sci China Life Sci 55(11): 968–973.

34. Li M, Liu L, Xi N, Wang Y, Dong Z, et al. (2011) Imaging and measuring the

rituximab-induced changes of mechanical properties in B-lymphoma cells using

atomic force microscopy. Biomech Bioph Res Co 404 (2): 689–694.

35. Lau NK, Ohta AT, Phan HL, Hsu HY, Jamshidi A, et al. (2009) Antifouling

coatings for optoelectronic tweezers. Lab Chip 9(20): 2952–2957.

36. Hsu H, Ohta AT, Chiou PY, Jamshidi A, Neale SL, et al. (2010) Phototransistor-

based optoelectronic tweezers for dynamic cell manipulation in cell culture

media. Lab Chip 10(2): 165–172.

Separation of Lymphoma Cells from Red Blood Cells

PLOS ONE | www.plosone.org 9 March 2014 | Volume 9 | Issue 3 | e90827


